We study the general phenomenology of neutrinoless double beta decay in seesaw models. In particular, we focus on the dependence of the neutrinoless double beta decay rate on the mass of the extra states introduced to account for the Majorana masses of light neutrinos. For this purpose, we compute the nuclear matrix elements as functions of the mass of the mediating fermions and estimate the associated uncertainties. We then discuss what can be inferred on the seesaw model parameters in the different mass regimes and clarify how the contribution of the light neutrinos should always be taken into account when deriving bounds on the extra parameters. Conversely, the extra states can also have a significant impact, canceling the Standard Model neutrino contribution for masses lighter than the nuclear scale and leading to unobservable neutrinoless double beta decay amplitudes even if neutrinos are Majorana particles. In particular, the decay rate is reduced by at least six orders of magnitude for masses of the extra states below 1 MeV in absence of extra contributions. We also discuss how seesaw models could reconcile large rates of neutrinoless double beta decay with more stringent cosmological bounds on neutrino masses. *
I. INTRODUCTION neutrinos
1 or the extra states introduced to account for their masses independently (see, e.g.,
Refs. [43] [44] [45] [46] [47] ). However, the interplay between both contributions, when combined, displays interesting phenomenology such as cancellations in certain regimes that is otherwise lost.
By considering these contributions independent, the presence of some extra component to the Majorana neutrino mass different from the extra states and some degree of fine tuning is implicitly assumed.
In the present work, we will compute the nuclear matrix element (NME) involved in the 0νββ decay rate without any assumption on the neutrino mass mediating the process, describing in detail the approximations involved. The uncertainties associated to each of these approximations are also discussed, so as to estimate the total uncertainty on the final NME. The results of this computation are publicly available at Ref. [48] . We will also discuss in detail the interplay between the contributions of the SM neutrinos and the extra states in seesaw models and discuss under which conditions they can be considered independent. In doing so we will cover the full parameter space and deduce what implications can actually be inferred on the models from observations. Finally, we will also comment on how the contribution of extra states with different mass scales could allow for a large 0νββ decay rate even in presence of more stringent bounds on neutrino masses, such as those derived from cosmology. In particular, it will be shown that the Heidelberg-Moscow claim requires a tuning of only about 50 % amongst the extra contributions in order to be compatible with the present cosmology bounds.
The remainder of this work is organized as follows: In Sec. II, we review the physics and assumptions used to compute the NMEs and perform these calculations in order to get their values as functions of the mass of the exchanged fermions. Next, in Sec. III, we discuss the general phenomenology of the 0νββ process and the approximations that are usually made in 0νββ decay analyses. The realizations of the 0νββ decay signal in the different types of seesaw models are treated in Sec. IV before we summarize and give our conclusions in Sec. V.
1 By SM neutrinos, we here mean the mass states which are predominantly composed of the SM flavor fields. Although these states can contain some admixture of the extra states introduced to account for neutrino masses, we will use this nomenclature for simplicity also in the remainder of the paper.
II. COMPUTATION OF NUCLEAR MATRIX ELEMENTS
A. Obtaining the rate of 0νββ decay
The 0νββ decay is mediated by the weak Hamiltonian:
where j Lµ is the leptonic current, which consists of the electron coupled to left handed electron neutrino. The neutrino can be written as a linear combination of the light and heavy mass eigenstates ν i given by the mixing matrix U:
On the other hand, the hadronic (nuclear) current J µ L can be obtained phenomenologically by imposing symmetry requirements to the more general combination that can be built with the available Lorentz vectors p µ n , p µ p and γ µ , the neutron and proton four-momenta and the spin matrices, respectively. We also need to assume the impulse approximation, i.e., that nucleons in nuclei can be treated as free when dealing with the weak interaction. Then imposing Lorentz, parity and time-reversal invariance the nuclear current is given by
where p µ = p µ n −p µ p is the transferred momentum from hadrons to leptons, m N is the nucleon mass, Ψ represents a nucleon field and τ − is the isospin lowering operator, i.e., it turns a neutron into a proton.
The form factors, g V , g M , g A and g P , are real functions of the Lorentz scalar p 2 . Their values at zero-momentum transfer are known as the vector, magnetic, axial and pseudoscalar coupling constants, respectively. Note that in single β and two-neutrino ββ decays only the vector and axial terms are usually considered, due to the small transferred momenta ( 1 MeV). The magnetic and pseudoscalar couplings can be written in terms of the vector and axial ones by assuming the conserved vector current (CVC) and the partially conserved axial 2 Second-class currents g S (p 2 )p µ and g T (p 2 ) σ µν 2mN p ν γ 5 , for which there is no experimental evidence, will be ignored.
current (PCAC) hypotheses [49] . The CVC hypothesis also implies that g V (0) = 1 in the nuclear medium.
We now take the non relativistic approximation to the hadronic current. If terms are kept up to |p|/m N (|p| ≃ 100 MeV as will be discussed below) and the energy transfer between nucleons is neglected (E ≃ p 2 /2m N ), we are left with
where
Hence, we have a sum over all A nucleons of the nucleus, whose coordinates are denoted by r n . Note that nucleon operators present in the nucleon fields from now on will be included in the nuclear wavefunctions.
The momentum dependence of the couplings is usually parametrized by the standard dipolar form [50] , and takes into account that nucleons are not point particles but finite size bodies, i.e., the nucleon structure. Since in 0νββ decay the neutrino is being exchanged in t-channel and the outgoing electrons have essentially the same energy, the energy exchange can be neglected and thus p 2 ≃ −p 2 . Then, the form factors look like
where m π is the pion mass and µ p and µ n denote the proton and neutron anomalous magnetic moments, respectively. The values of the cutoffs of the vector and axial nucleon form factors, Λ V = 0.85 GeV and Λ A = 1.09 GeV, are taken from experimental observations [51, 52] . Their effect is to weaken the couplings for large momentum transfers, i.e., they avoid contributions 3 Nuclear recoil terms also come at first order in 1/m N , being proportional to p p + p n instead of p.
However, their leading contribution is suppressed an extra order of magnitude because of their odd-parity character, which requires electron p-waves. Hence these terms will be neglected. Their contribution will be discussed when referring to the electron s-wave approximation.
arising from nucleons being too close to one another. These form factors are commonly denoted as the finite nuclear size (FNS) terms.
With this Hamiltonian the rate of the 0νββ decay can be calculated by using the second order Fermi's Golden Rule [2] :
where the transition amplitude is given by
The operator P 12 is included to fulfill antisymmetry for the electrons, whose energies are denoted by ε 1 , ε 2 . The energy of the virtual neutrino ν j is denoted by ω j , and E a is the energy of the virtual intermediate nuclear state |N a .
The leptonic part of the numerator in Eq. (8) can be written more explicitly as
This term turns out to be proportional to the neutrino masses m j because of the left handed character of both leptonic currents. The transition amplitude is then
.
The axial coupling g 2 A (0), the electron mass m e and the nuclear radius R have been introduced for convenience and to make the second line in Eq. (10) dimensionless. For the nuclear radius we have taken R = 1.2A 1/3 fm. Using energy conservation, we have also rewritten the denominator using the new parameter In the following, two approximations will be made:
• Closure approximation.
• Approximation of 0 + final states and electrons emitted in s-wave.
The first of these takes advantage of the high momentum of the virtual neutrino |p| ≃ 100 MeV. This nuclear scale comes from the integral over the transferred momentum of Eq. (10). For light neutrinos, the integrand of this equation is approximately proportional to |p| /(|p| + µ a ) in radial coordinates. Hence, momenta 10 MeV will be disfavoured in the transition. In addition, if we recall the form of the FNS terms in Eq. (6), we see that transferred momenta above the cutoffs ≃ 1 GeV will be suppressed as well. On the other hand, the leading contribution of the exponential term will arise when p · (x − y) ≃ 1. Since nucleons are typically few fermis (femtometers) apart in nuclei, the nuclear wavefunctions will select the preferred momentum for the virtual neutrino to be |p| ≃ 100 MeV. Thus, we would expect it to be the typical virtual neutrino momentum of the decay. This result has been confirmed by explicit calculation [53, 54] .
In the case of heavy neutrinos, the transition operator will now have stronger preference for larger momenta |p| m j , since ω j = m 2 j + p 2 appears in the denominator in Eq. (10) . Therefore, the tendency of the nuclear interaction for |p| ≃ 100 MeV can be overcome resulting in large transferred momenta that would imply internucleonic distances much shorter than ∼ 0.1 fm. Again, such a distance is very suppressed by taking the FNS terms into account, i.e., the nucleon structure information. Hence, in these cases, the reduction due to the FNS effects is very large so that we end up with a |p| value of a few hundreds of MeV at most, which is also the expected value for a process taking place between nucleons in nuclei.
In any case, the term (ε 1 − ε 2 ), which can amount up to a couple of MeV and vanishes on average, can be safely neglected. Moreover, the intermediate state energies E a , which can differ from one another by a few MeV, can also be replaced by an average value E m .
Thus, only a common parameter
is required [1] . With the removal of the dependence on the actual energy of the intermediate states, it follows that they are no longer needed in the calculation, since the closure relation can be applied. Thus, the hadronic part in Eq. (10) is now
This closure approximation has been shown to be correct to more than 90 %, using the quasiparticle random phase approximation method [55] , to be presented in Sec. II B.
As for the limitation of our study to transitions to 0 + final states, and to cases where electrons are emitted in s-wave, corrections are expected to be of the order of 1 % at most.
In the case of p-waves, they are suppressed to s-waves by an order of magnitude at least [2] .
Moreover, since they have odd-parity, they need odd-parity terms in the current to couple ββ , where Q ββ is the energy available for the decay. Considering this factor, the only other low-lying final states of interest are 2 + excited states. Moreover, apart from the phase space suppression, these final states also need electron p-waves due to angular momentum coupling, since two electron s-waves can only couple to angular momentum 0 or 1. Hence, these transitions can also be safely neglected.
Within these approximations, the transition amplitude can be written as
where the index contractions and the x and y integrations have been performed. The
operator Ω nm (p 2 ) is the result of the product of the nuclear currents given in Eqs. (4) and (5), and has Fermi, Gamow-Teller and Tensor contributions:
with the tensor operator S 
Their explicit form can be found in Ref. [46] . It was in this work that the importance of the non leading terms [i.e., all but h GT AA and h F V V in Eq. (16)] was first shown. They are referred to as higher order components of the nuclear current (HOC). Notice that, since these terms are of orders |p|/m N and (|p|/m N ) 2 in the current, 4 their contribution will be enhanced for larger transferred momentum, i.e., for heavy neutrinos.
It is easy to insert R 0νββ into Eq. (7) and derive an expression for the 0νββ decay rate:
Here, G 01 is a well known kinematic factor, and comes essentially from the leptonic degrees of freedom. It can be written explicitly as
where F 0 (Z, ε) are the so-called Fermi functions, with Z the proton number and q i the electron momenta. The Fermi functions also depend on the nuclear radius R and their explicit form is
The quantity M 0νββ (m j ) is the nuclear matrix element, which takes into account the initial and final nuclear wavefunctions and the transition operator. This operator originates from 4 The terms labeled h P P and h MM come at order (|p|/m N ) 2 . The reason to keep these second order terms is the enhancement of the coupling constants g P and g M due to the factors 2m N |p| / p 2 + m both the nuclear currents and the virtual neutrino. The NME is given by
When the integral over p is performed, we obtain
where r = |r n − r m | is the distance between the decaying neutrons and the V (r) are the so-called neutrino potentials. Before the radial integration over |p| they are given by
where j n (x) are the spherical Bessel functions.
B. Calculation of the nuclear wavefunctions within the Interacting Shell Model
As can be seen from Eq. (21), a key ingredient in the calculation of the NMEs are the wavefunctions of the initial and final nuclei. This is a complicated nuclear structure problem which cannot be solved in the complete space, i.e., taking into account all neutrons and protons of the corresponding nucleus in all their possible configurations. Thus, truncated valence spaces and effective interactions are used to solve the nuclear many body problem.
As a consequence of this, a fully consistent treatment would demand regularizing the 0νββ decay operator in Eq. (21) using the same prescription as for the bare nuclear interaction [56] .
This has only been performed very recently [57, 58] .
Instead, we will simplify the problem keeping the bare 0νββ decay operator and including new correlations [called short range correlations (SRC)] in the calculation via a general prescription. The findings of Refs. [57] and [58] show that for light neutrinos, the effect of these correlations is rather moderate once FNS terms have been taken into account, of the order of 5% correction to the NME. In order to implement these SRC one needs to assume some prescription and the most commonly used are either a Jastrow-type function [59] or a unitary correlation operator method (UCOM) transformation [60] . The NME is thus transformed as
where U is either a Jastrow-type function or a UCOM transformation. The actual parametrizations can be found in Refs. [58] and [61] , respectively. In our calculations have used the UCOM prescription, even though similar results are expected within the Jastrow approach. Note that these SRC terms, which do not have much importance for light neutrinos, will be more relevant for heavy ones, which require shorter distances between the decaying nucleons.
Mainly two different methods are used to obtain the NMEs for the 0νββ decay, the quasiparticle random phase approximation (QRPA) [4, 5] and the interacting shell model (ISM) [62, 63] . The QRPA includes relatively large valence spaces but is not able to comprise all the possible configurations. On the other hand, the ISM is limited to smaller configuration spaces, but all possible correlations within the space can be included.
When comparing the NMEs obtained by both methods a clear disagreement is found,
the ISM values being about 1.5-2 times smaller than QRPA ones [54] . This disagreement is not overcome when taking into account the estimated errors of both calculations and it is under discussion whether the difference is mainly due to the lack of correlations of QRPA calculations (which reduce the value of the NME), the small valence space used in the ISM (to be discussed in Section II C) or both [53, 63] . However, it must be stressed that due to the theoretical effort made over the last years this disagreement is now much less severe than it was five years ago, and studies using recently available experimental information for the decay of 76 Ge suggest that the present situation can be improved [64, 65] . This applies to
NMEs obtained with light neutrino exchange. In the heavy neutrino case, since the available QRPA results are rather outdated [46] , it is probably not meaningful to compare them with those of the present work. However, the same relation between ISM and QRPA results of the light neutrino case is to be expected, since the difference between these methods lies on the calculation of the wavefunctions, and therefore it should not be very much dependent on changes on the transition operator, for whom both methods give an equivalent description [54] .
In this work, we have used ISM nuclear wavefunctions. in the pf major shell, where the KB3 interaction [66] The results of the computation of the NME as a function of the neutrino mass are shown in Fig. 1 , which is in agreement with the findings of Refs. [67] and [43] . As can be seen from this figure, the dependence of the matrix element on the nuclei is mild and all the curves show a similar behaviour. We will discuss qualitatively the observed dependence of the NME on the neutrino mass as well as the phenomenology associated to the different mass regimes in the next sections.
C. Estimate of the uncertainties of the NME within the ISM As we have pointed out several times throughout the present section, since the computation of the NMEs can be rather challenging, a number of approximations need to be made. In consequence, the results obtained will have some uncertainties, which we will now estimate.
First of all, when dealing with the ISM, we have to worry about the valence space and the effective interaction used to obtain the nuclear wavefunctions. The effect of having larger valence spaces was analyzed in Ref. [68] , with the result that the NMEs increased, within a conservative analysis, by ∼ 15 − 20 %. The same number was obtained in a QRPA calculation when it was quantified the effect of the orbits absent in a ISM valence space [64] . Of the three valence spaces employed in the present work (see Sec. II B), only that corresponding to the 48 Ca decay was not explored in Ref. [68] , so that we can consider the former ∼ 15−20 % increase as a general estimate of the uncertainty due to the configuration space. As for the nuclear interaction, a moderate dependence of ∼ 5 − 10 % was found both in Refs. [68] and [65] . Since they study nuclei in different regions and we can consider all the effective interactions employed of similar accuracy, we will also take this figure as general.
Until recently, another considerable source of uncertainty were the SRC. However, it now seems that their contribution is rather small and that proper UCOM or Jastrow-type parametrizations can take these terms very well into account, with a precision of ∼ 5 % [57, 58] . For its part, the variation in the NME due to different but reasonable values of the cutoffs appearing in the FNS terms [49, 69] is also very small, less than 5 %.
In addition, due to the fact that the NMEs have been calculated using the closure approximation, we have to include an additional error of 5 − 10 % to our results, as suggested by QRPA calculations [55] . This is in agreement with the very soft variation that is seen in the NME as the parameter µ is modified. Furthermore, we quantify the possible effect of missing terms in the operator (next order terms in the current, nucleon recoil, p-wave emitted electrons) by an additional uncertainty of less than 5 % in our results.
It is currently under discussion whether the axial coupling should be quenched or not [65, 70, 71] . In the ISM calculations presented here we take g A (0) = 1.25, i.e., we do not quench it, contrary to what is required by the single β and two-neutrino ββ decays, where a pure Gamow-Teller operator appears and its value has to be quenched to g A (0) = 1.00. However, in the 0νββ decay case the operator is more involved due to the extra radial dependence introduced by the virtual neutrino. Moreover, in the case of the pure Gamow-Teller J P = 1 + channel, it is not dominant in the 0νββ process, and depending on its relative sign, quenching it may result even in an enhancement of the NME. Until this issue is explored in more detail, we will take the most conservative option, allowing for a full quenching of the axial coupling and also for the quenching only of the J P = 1 + channel. Under these assumptions, taking into account that the Fermi part of the NME accounts for 10-15% of the full NME in our ISM calculations and is never quenched, we estimate a ∼ +5 % −30 % error due to this effect. Notice that the uncertainty in the valence space only moves the estimate up, the effect of axial quenching essentially moves it down, while the remaining contributions are expected to be Gaussian-distributed. Even though some of these errors may be correlated in a rather complicated way, as a first approximation we will take them as independent. Altogether, adding every contribution in quadrature we expect an overall uncertainty in the final NME of ∼ +25 % −35 % . The above analysis applies to the case of light neutrino exchange. For heavy neutrinos, the NMEs get very dependent on the SRC and FNS treatments. In this case, a similar study to the one above gives a 15-20% for SRC uncertainties and 10% for FNS ones, which would lead to a final ∼ +35 % −40 % uncertainty. However, one should take this number cautiously until the accuracy of the FNS approach for such heavy exchanged particles is firmly established [72] .
As an example, we will consider the case of the 76 Ge decay. In Ref.
[65] the NME was obtained with different effective interactions and SRC, obtaining the interval 2.81 < M 0νββ (0) < 3.52. If we take into account the further uncertainties of the valence space, the FNS, the closure approximation, the next order hadronic current terms and the g A (0) quenching, we end up with 2.11 < M 0νββ (0) < 3.98. This result will be used in Sec. IV to derive bounds on the neutrino masses from the 0νββ decay process.
III. GENERAL PHENOMENOLOGY
According to Eq. (17), the contribution of a single neutrino to the amplitude of 0νββ decay is given by
where m i is the mass of the propagating neutrino and M 0νββ (m i ) is the nuclear matrix element that characterizes the process and depends on the nucleus that undergoes the 0νββ transition. Figure 1 shows two distinct regions where the behaviour of the NME as a function of the neutrino mass changes from almost constant up to m i ≃ 100 MeV to decreasing quadratically as the neutrino mass increases beyond 100 MeV. This behaviour is easily understood: the neutrino can be characterized as light if m
which would mean that the neutrino propagator in the NME would be dominated by p 2 or m 2 i , respectively, where p is the momentum exchanged in the process. As already mentioned in Sec. II A, in the 0νββ decay p 2 ≃ −p 2 ≃ −(100 MeV) 2 . We will therefore define two regimes:
• The light neutrino regime: For m i ≤ 100 MeV, where the neutrino propagator is
and hence, the NME is maximum in this regime and is almost independent of the neutrino mass:
• The heavy neutrino regime: For m i ≥ 100 MeV where the NME decreases as
providing an extra suppression to its contribution to the 0νββ decay amplitude because of the neutrino propagator:
In principle, one could expect a more involved behaviour or even a resonance if p 2 ≃ m 2 i . However, since the 0νββ transition does not occur through an s-channel type diagram, the characteristic momentum transfer has p 2 < 0 with |p 2 | ≃ (100 MeV) 2 . Thus, the nuclear matrix element does not exhibit a resonant mass and the transition between the light and heavy neutrino mass regimes is relatively smooth (c.f., Fig. 1 ). We will therefore not define a third transition region between the heavy and light regimes, as is sometimes done in the literature, since there is no new phenomenology associated to it.
The usual bound derived from the 0νββ process in the literature is obtained summing over the active neutrinos, implicitly neglecting the contribution of extra degrees of freedom.
With this assumption the only contribution comes from the neutrinos in the light regime, with m i ≪ p 2 , which results in
where i m i U 2 ei is the well-known expression used for the "effective 0νββ decay neutrino mass": where m i are the masses of the neutrino mass eigenstates, c ij = cos θ ij , s ij = sin θ ij , θ ij are the neutrino mixing angles and α i are combinations of the Majorana and Dirac phases. It is important to note that this expression holds only when the SM neutrinos dominate the 0νββ process. However, if the SM is not extended, the Majorana mass required for the 0νββ transition is forbidden. As we will discuss, all extensions of the SM that induce a Majorana mass for the SM neutrinos imply the inclusion of extra degrees of freedom that can contribute to the 0νββ process and should be added to the SM decay amplitude.
Under the assumption that only the light neutrinos give a significant contribution to this process, Eq. (29) can be combined with the present constraints on neutrino masses and mixings [73] to derive Fig. 2 , where the allowed value of m ββ as a function of the mass of the lightest neutrino m l is shown. However, as will be discussed in Sec. IV, this assumption is not always valid and Fig. 2 does not always provide an accurate description of the 0νββ decay. In the same figure we also show the Heidelberg-Moscow claim for 0νββ decay and the bound on the mass of the lightest neutrino from cosmology arguments [35, 36] . Notice that the bounds from cosmology apply to the SM active neutrinos only. For extra sterile neutrinos, the cosmology bounds would depend on their mixing with the active ones, which would determine their abundance. Indeed, sterile neutrinos with masses ∼ 1 keV larger than the cosmology bound are actually considered good candidates for warm dark matter [74] [75] [76] . As can be seen from the figure, there is a tension between the Heidelberg-Moscow claim, the contribution to 0νββ from SM neutrinos and the present bounds on their mass from cosmology. In Secs. IV A 3 and IV D we will discuss possible solutions to this tension.
IV. APPLICATIONS TO SPECIFIC MODELS OF NEUTRINO MASSES
In this section we analyze the contributions to 0νββ decay of the different mechanisms that lead to Majorana neutrino masses and can therefore induce the required lepton number violation for the process. We will discuss here the tree-level realizations of the Weinberg
Here, φ denotes the SM Higgs field, which breaks the electroweak (EW) symmetry after acquiring its vacuum expectation value (vev) v, Λ is the scale of new physics that gives rise to the operator and we have used the definitionφ = iτ 2 φ * . This is the only d = 5
operator that can be built from the SM particle content respecting both gauge and Lorentz invariance [77] . Since the low-energy effects of physics beyond the SM can be encoded in an There are three different extensions of the SM particle content that lead to the operator of Eq. (30) after the extra mediators have been integrated out. They are known as "seesaw" mechanisms of type-I [37] [38] [39] [40] , where the heavy particles are fermion singlets, type-II [78] [79] [80] [81] [82] , where scalars triplets are included, and type-III [83] [84] [85] [86] , where the SM is extended by fermion triplets. All these extra degrees of freedom, required to induce the Majorana nature of the SM neutrinos, can also contribute to the 0νββ process. The contribution of neutral fermions, such as the singlets and triplets added in the type-I and III seesaws, to the 0νββ decay rate is depicted on the left side of Fig. 3 ; in particular this includes that of the light active neutrinos. The contribution of the scalar triplet of the type-II seesaw (see, e.g.,
Ref. [87] ) is depicted on the right side of Fig. 3 . In both diagrams the W lines can also be exchanged for the physical singly-charged scalar present in the type-II seesaw. In principle, the contributions of the light active neutrinos and those of the extra degrees of freedom that are introduced should be combined. This is especially so in the case of the type-I seesaw, since important cancellations [88] [89] [90] are present in certain regimes [91] that are missed if the constraints are placed separately. If they are assumed to be independent, an extra contribution to the neutrino mass beyond those extra states is implicitly assumed. Moreover, taking into account the relations between the high-and low-energy parameters allows the derivation of stronger bounds on the former through the active neutrino contribution. It is then important not to neglect it, since the naive constraints stemming directly from the contribution of the extra degrees of freedom are generally much weaker.
A. Type-I seesaw models
In this section we will discuss the phenomenology of 0νββ decay when extending the Standard Model with fermion gauge singlets, i.e., right handed neutrinos ν si . The Standard Model Lagrangian is then extended as
After the Higgs develops its vev the neutrino mass matrix is
This mass matrix can be diagonalized by a unitary mixing matrix U:
We therefore have n neutrino mass eigenstates with masses m i and mixings U ei with the electron. Out of these, at least three mass eigenstates must be very light and form the main components of the active neutrinos, whose number is measured by the invisible decay width of the Z [92] . On the other hand, the masses of the extra states are not determined. We thus have two contributions to the amplitude of 0νββ decay, one from the light active neutrinos and another from the extra degrees of freedom:
where we have used capital letters to denote the mass index of the mostly sterile states and lowercase letters for that of the mostly active states. Depending on whether the extra mass eigenstates fall in the light or heavy neutrino mass regimes we can further split their respective contributions to the amplitude:
We can now distinguish three cases exhibiting very different phenomenologies depending on the mass regime of the extra mass eigenstates:
All extra mass states in the light regime
In this scenario all the mass eigenstates are lighter than 100 MeV. In principle, this does not allow to explain the smallness of neutrino masses through the naive seesaw mechanism, i.e., with O (1) Yukawa couplings. However, since the value of the parameter M N in Eq. (31) is not restricted and it is technically natural for it to be small (for vanishing Majorana mass term the B − L symmetry is recovered), we believe this is a possibility worth exploring even if less appealing than the canonical type-I seesaw scenario.
Notice that, if all neutrinos belong the the light regime, Eq. (33) implies
since the left-left entry of the mass matrix in Eq. (32) vanishes (it is forbidden by the SM gauge symmetry). Thus
Indeed, for neutrino masses in the light regime, the nuclear matrix elements are basically independent of the neutrino mass (see Fig. 1 )
therefore the rate of 0νββ decay in Eq. (37) is very suppressed when all mass eigenstates are lighter than ∼ 100 MeV. This works in a way similar to the GIM suppression in flavour violating processes [93] . Indeed, a process converting from flavour α to flavour β is GIM suppressed due to the unitarity relation i U αi U * βi = 0, so that only the mass of the propagating particle does not make the cancellation exact and a suppression of ∆m 2 /M (37) is depicted in Fig. 4 . As expected, the two contributions cancel up to a factor m 2 I /p 2 with |p 2 | ≃ (100 MeV) 2 and deviations from this behaviour start to be non negligible for m I 1 MeV.
We want to emphasize that phenomenological analyses (see, e.g., Refs. [43] and [44] ) that use the non observation of 0νββ decay to derive bounds on the mixing of an extra light neutrino with mass around ∼ 100 MeV or below neglecting the contribution of SM neutrinos, implicitly assume that the cancellation described in Eq. (37) does not take place.
This would be the case if some extra contribution to the neutrino masses is present and Eq. (36) is consequently modified. Examples of this situation, which imply some degree of cancellation between the different contributions to neutrino masses, will be discussed in Secs. IV A 3 and IV D. In the absence of these extra contributions, the remaining leading term, GIM suppressed as ∆m 2 /p 2 , can then be used to derive the corrected bound on the mixing of the extra state. In Fig. 5 we show this bound using the constraints on 0νββ 
so that the 0νββ decay amplitude is
The contribution from the light active neutrinos thus dominates and Fig. 2 provides an accurate prediction for the 0νββ transition rate.
Notice that, using the contribution of the extra states m I U 2 eI M 0νββ (m I ) to the 0νββ process in order to derive a bound on their mixing U eI would lead to rather weak constraints since it is very subleading (see, e.g., Refs. [45] [46] [47] ). On the other hand, Eq. (39) can be used to express the dominant light neutrino contribution as a function of the heavy parameters:
. This expression then allows to derive a much stronger constraint on U eI [95] . This constraint is also shown in Fig. 5 when m I > 100 MeV and compared to that when only the contribution of the heavy neutrinos is considered. In order to derive the constraints of Fig. 5 we have assumed as an example that all the extra states are degenerate in mass (or that there is only one extra state). However, a similar behaviour is found when a different hierarchy is considered as long as all the extra states are in the heavy regime.
Extra mass states in the light and heavy regimes
In this scenario we would have the full contribution to 0νββ decay of Eq. (35) 
As discussed above, for the neutrinos in the heavy regime, the NME receives an extra suppression to their contribution to the 0νββ decay rate and the leading terms stem from the light states:
However, in this case the GIM-like cancellation is prevented since the heavy contribution is suppressed. This scenario thus offers the richest phenomenology. In particular, it is possible to satisfy Eq. (40) This could thus be a possible solution to an eventual discrepancy between a positive result in 0νββ decay and a negative result in the searches for neutrino masses in cosmology. Indeed, the bounds from cosmology apply to the active SM neutrinos only.
As an example, we will here consider the Heidelberg-Moscow claim for a positive 0νββ decay signal [34] . The accommodation of this signal through only SM neutrinos [see Eq. (29)] would require 0.24 eV < m ββ < 0.89 eV at 2σ, where the allowed numbers have been obtained with the ISM results of Sec. II C following the rather conservative procedure described in Ref. [96] . Almost all the error bar comes from the theoretical error of the NME, which is much larger than the one associated to the experimental claim. As can be seen in Fig. 2 , the interpretation of this claim as light active SM neutrinos is very disfavoured (see, e.g.,
Ref. [97] ) by the constraints from cosmology and neutrino oscillation data. However, this signal could be accommodated in a model with heavier neutrinos (which are not bounded by cosmology) mediating the process. Indeed, following Eq. (41) 
B. Type-II seesaw models
In the type-II seesaw, the Standard Model content is expanded by the addition of a scalar SU(2) triplet with hypercharge 2 (where the hypercharge is defined such that Q = Y /2+T 3 ):
The scalar triplet couples to the lepton doublet through the Yukawa terms:
where τ 2 is the second Pauli matrix. Furthermore, the scalar triplet ∆ has a coupling µ to a pair of Higgs fields, so that it gets an induced vev after EW symmetry breaking: 
in Eq. (44) . This in turn implies that, at low energies, Eq. (38) is modified to
making m ∆ ν the analogous contribution to the one of the heavy neutrinos in the type-I seesaw.
The 0νββ process can be mediated both by the neutrinos and by the scalar triplet (see Fig. 3 ). However, such charged scalars would have been produced at Tevatron for masses below 100 GeV [98] . Thus, the contribution of the charged scalar is suppressed with respect to the neutrino one. The diagram in the right side of Fig. 3 replaces the neutrino propagator by a scalar propagator and thus its amplitude is suppressed by a factor ∼ p 2 /M 2 ∆ < 10
with respect to the SM neutrino contribution. The diagram in the left side of Fig. 3 in which one of the W bosons is replaced by the physical charged scalar are also suppressed.
The scalar is an admixture of the charged components of the Higgs doublet and the scalar triplet and its coupling to the quarks is therefore proportional to the quark mass. Thus, the amplitude of these contributions turn out to be suppressed by a factor ∼ m q /M ∆ < 10
where m q is the mass of either the up or down quark. Therefore, in this scenario, as in the type-I seesaw with all extra states heavy, the light active neutrino contribution dominates and the usual description of 0νββ decay in Fig. 2 applies.
C. Type-III seesaw models
In the type-III seesaw models the Standard Model is expanded by fermion SU(2) triplets with zero hypercharge:
The fermion triplets couple to the SM lepton doublets and the Higgs field through the Yukawa terms and have Majorana mass terms of their own:
The 0νββ decay phenomenology of the type-III seesaw is then completely analogous to that of the type-I with the neutral component of the triplet playing the role of the right handed neutrino, except that, since the triplet also has charged components, stringent lower bounds on its mass exist and in practice only the heavy mass eigenstate regime is available.
The situation then reduces to the one for the type-II seesaw instead, i.e., the same 0νββ phenomenology applies, with the replacement
D. Mixed seesaw models
It is interesting to note that the same phenomenology that could stem from a type-I seesaw with both heavy and light eigenstates can also arise from a type-II or III seesaw in combination with type-I sterile neutrinos in the light regime. Indeed, adding a type-II or III contribution to neutrino masses m ∆,Σ as in Eqs. (45) and (49), Eq. (32) would instead read
This in turn implies that Eq. (36) is modified to ee . The level of the cancellation required also corresponds to the one depicted in Fig. 6 . Indeed, the amplitude of 0νββ decay would now be
and, as an example, the Heidelberg-Moscow claim can be interpreted as 0.24 eV < m ∆,Σ ee < 0.89 eV (53) in this context.
V. SUMMARY AND CONCLUSIONS
We have discussed the general phenomenology of neutrinoless double beta decay (0νββ decay) in different types of seesaw models. In particular, we have focused on the contributions of the extra degrees of freedom in different mass regimes without assuming preference to a particular mass scale. In order to do this, we computed the nuclear matrix element (NME) involved in the decay amplitudes as function of the mass of the mediating field, detailing all the assumptions performed in each step and estimating the final error due to the approximations taken to be at most 30 % for light neutrinos and around 40 % for heavy neutrinos. The results of this computation are publicly available at Ref. [48] . In particular, the behaviour of the NME is found to be that which can be expected from the propagator 1/(p 2 − m 2 ), where p 2 ∼ −(100 MeV) 2 is the typical momentum transfer between the nucleons. Thus, the NMEs are essentially constant for m < 100 MeV (light regime) and decrease as m −2 for m > 100 MeV (heavy regime). The transition region around 100 MeV is smooth and no significantly new phenomenology takes place at this regime.
In our discussion we have seen that, for the type-I seesaw, a number of possibilities exist.
In the case where all the masses of the extra fermion singlets are in the heavy regime, the contribution of these states to 0νββ decay is negligible and difficult to constrain directly. If there are extra states in both the light and heavy regimes, then the main contribution to the 0νββ transition could come from the light extra states, although some fine-tuning is necessary. As such, this could be a way to reconcile a large 0νββ decay rate (e.g., the
Heidelberg-Moscow claim) with more stringent cosmological bounds with a mild cancellation of about 50 %.
As for the other types of seesaws, current bounds from accelerator experiments place the extra degrees of freedom in the heavy regime. This effectively reduces the situation to that which appears for the type-I seesaw with only heavy extra states. However, in mixed seesaw models, the situation can instead resemble that of the type-I with states in both regimes and thus be used to reconcile large 0νββ decay rates with cosmological bounds.
In conclusion, the contribution to 0νββ decay from the light active neutrinos can be forecasted by combining present and future neutrino oscillation data on the neutrino mixing and mass hierarchy with probes of the absolute neutrino mass scale such as cosmology.
These predictions can be compared to future 0νββ decay searches so as to gain information on the origin and nature of the neutrino masses. In this comparison, we can distinguish the following scenarios:
• The 0νββ process is observed to be in agreement with the forecasted rates.
This indicates that the light active neutrinos dominate the 0νββ decay rate. Since new degrees of freedom are in any event required to give the light neutrinos Majorana masses, this implies that there is necessarily new physics above the nuclear scale, so that its contribution is suppressed.
• The 0νββ process is observed to be smaller than the forecasted rates.
This means that there is a partial cancellation between the active and extra neutrino contributions. Sterile neutrinos around the nuclear scale are then necessary. A higher mass would imply too big a suppression through their NME to show any sizable cancellation, while too small masses would make the GIM-like cancellation exact.
• The 0νββ process is observed to be larger than the forecasted rates. In this situation the light active neutrinos cannot dominate the 0νββ decay rate. Extra sterile neutrinos, lighter or around the nuclear scale, could have a significant contribution and reconcile the observations. However, the GIM-like cancellation between both contributions has to be avoided. This implies either a cancellation between extra neutrinos both above and below the nuclear scale (see Sec. IV A 3) or between the extra neutrinos and a type-II or III seesaw contribution (see Sec. IV D). This is the case that would correspond to a confirmation of the Heidelberg-Moscow claim.
• The 0νββ process is not observed but was forecasted. While this could imply that neutrinos are Dirac and not Majorana particles, it can also be the case that neutrinos are Majorana but extra sterile neutrinos below the nuclear scale are present. Thus, the GIM-like cancellation takes place and the 0νββ decay rate becomes unobservable.
• The 0νββ process is not observed and was not forecasted. This is the most pessimistic scenario since it is impossible to draw any conclusion on the nature and origin of neutrino masses.
